A paradigm shift is needed and timely in moving plant modelling from largely isolated efforts to a connected community endeavour that can take full advantage of advances in computer science and in mechanistic understanding of plant processes. Plants in silico (Psi) envisions a digital representation of layered dynamic modules, linking from gene networks and metabolic pathways through to cellular organization, tissue, organ and whole plant development, together with resource capture and use efficiency in dynamic competitive environments, ultimately allowing a mechanistically rich simulation of the plant or of a community of plants in silico. The concept is to integrate models or modules from different layers of organization spanning from genome to phenome to ecosystem in a modular framework allowing the use of modules of varying mechanistic detail representing the same biological process. Developments in high-performance computing, functional knowledge of plants, the internet and open-source version controlled software make achieving the concept realistic. Open source will enhance collaboration and move towards testing and consensus on quantitative theoretical frameworks. Importantly, Psi provides a quantitative knowledge framework where the implications of a discovery at one level, for example, single gene function or developmental response, can be examined at the whole plant or even crop and natural ecosystem levels.
The concept is to integrate functional information from genome to phenome to ecosystem, spanning spatial and temporal scales and capturing the emergent properties of complex, non-linear systems (Fig. 1) . This is being realized increasingly in various microorganisms (e.g. Edwards et al. 2000) and now in a mammal, as the virtual physiological rat (Beard et al. 2012) , providing resources for integration and application of the expertise of the broad community of researchers of these organisms. Such a community activity has not been attempted, to date, by the plant, crop and ecosystem research community. Rather than integration and inter-operability at the model level, our community has attempted to achieve consensus via model inter-comparison, in the hope that by comparing predictions from many locally, sometimes individually, developed models, the truth will emerge from the average (Hanson et al. 2004; Li et al. 2015) . This approach has clear value in identifying strengths and weaknesses of different models and approaches and provides the best consensus currently achievable. However, the consensus occurs at the point of final model output rather than correct representation of the underlying processes. It does not provide a framework for integration, easy linkage to the rapid growth in 'omics or a means to make strong connections with those developing mechanistic understanding of the underlying processes from genome to phenome. We argue for a new approach, a community framework model that takes full advantage of the latest developments in computer software and communications engineering, and accessible to all. This would allow all to share and probe modules developed by domain experts for different levels of organization from gene networks to whole plant and ecosystem responses to the environment. Full representation of even a few crops or representative plant functional types, with robust mechanistic consideration of the key physical, chemical and biological processes, is an ambitious goal. However, Psi would serve now to integrate the emerging process models into one quantitative knowledge framework. Psi will be an unparalleled tool for the analysis and understanding of plants as hierarchies of inter-related biological systems responding to a dynamic environment. It could serve to integrate the community of researchers and develop many synergies (Fig. 2) . Its primary objective would be heuristic, to test completeness of knowledge of processes leading to plant growth and development and beyond to ecosystems. The modular framework would allow testing of alternative formulations of underlying processes in the context of the whole. While we envisage Psi as making maximum use of mechanistic knowledge, its modular nature recognizes that simpler empirical or phenomenological sub-models of different biological processes will often be more effective, depending on context. Equally, it provides a means to test when and where simpler sub-models requiring less parameterization can be as or more effective than more complete mechanistic models in simulating the growth and development of a whole plant. Beyond this, it may lead to better predictive plant productivity models, including those of crops, which may draw on the incremental improvement in representation of processes provided by Psi. Here, under the 'Why Plants In Silico?' section, we explain why this new approach is needed now, new applications Psi would allow in the 'How Psi Might Be Applied to Enhance Capabilities in Plant Sciences' section, why this is timely is discussed under the 'Why Now?' section and what Psi might look like in the 'Potential Framework' section. and developmental processes that can be assembled to form models for different plants and applications. The Psi would include a common data source, which can be used to conduct model comparison.
We see five major drivers for why this is timely and needed, although these do not represent an exclusive list.
1 The weak link in land-atmosphere interaction models. Local and regional atmospheric transport and soil reactive transport models are based largely on exact fundamental laws of physics and chemistry. In modelling the soil-plantatmosphere continuum at a local, regional or global scale, these advanced physico-chemical models of the atmosphere and soil are being linked with vegetation models that, by comparison, are largely empirical and phenomenological, with little mechanistic depth. Nevertheless, it is plants that convert sunlight energy into the chemical energy that drives ecosystem carbon uptake and many elemental cycles while strongly influencing the terrestrial water cycle. Plants are therefore by far the 'weakest link' in both Earth Systems and local ecosystem models, including crop systems. This adds huge uncertainties to models in the context of the global, regional and local carbon, hydrological and nutrient cycles. 2 A new approach to crop models. Crop monocultures represent the simplest assemblages of plants and have the largest databases, at least in terms of predicting biomass production and yield over a range of environments. With projections of forward shortfalls in supply over demand, their efficacy has gained even greater importance . Most models of the major crops have evolved at single or limited locations and developed at a time when both knowledge of underlying mechanism was limited and computational power even more limited in its ability to represent such mechanism. They have therefore evolved in a vertical manner at different locations attempting to deal with all layers of expertise from molecular to global production. While today, high-speed high-volume communication would allow horizontal integration allowing experts at different levels of organization to participate from dispersed locations.
The problems of the current paradigm are perhaps illustrated where five of the most advanced wheat models were used to predict the direct effect of just one global change variable, rising CO 2 , on yield. The average of this intermodel comparison overestimated the measured effect by 100%, and the individual models differed in their predictions by 200%, yet this was despite many shared assumptions within the models (Ainsworth et al. 2008b) . If our models for the best studied plants in the field miss the mark so badly, can we really expect any real precision in predictions for unmanaged multi-species systems, for which there is far less parameterization data and knowledge of the plants concerned? Equally, it suggests a very poor foundation from which to predict future global food production.
3 Mechanistically rich models for predicting beyond experience. As discussed in the succeeding texts, the current major families of models of crops and vegetation are largely empirical containing very limited mechanistic rigor and with gross simplifications of key processes. 4 The need to integrate expertise across levels of organization. Much contemporary plant scientific research has focused on the function of individual genes, proteins and processes in a relatively isolated and descriptive manner. Because of this isolation, when the conclusions are tested in a different environment, they can fail, not just quantitatively but qualitatively. For example, a longheld view developed from understanding of photosynthesis of individual leaves in full sunlight was that increasing Rubisco specificity would benefit crop productivity. However, when the heterogeneity of the light environment inside a crop canopy is considered, it is found that Rubisco specificity should be decreased, not increased, to improve crop productivity (Zhu et al. 2004 ). Another example is that increased temperature has been assumed to decrease plant carbon gain; however, when the interaction of rising atmospheric [CO 2 ] and temperature are considered, the opposite can be the case (Long 1991) . By incorporating all key processes and their inherent interactions in a unified framework, Psi could be used as an effective tool to evaluate the consequences of interactions between different processes and environmental factors. It would highlight when unanticipated emergent responses may occur and identify such interactions as an important area for further investigation. By being modular, it would also allow the cost-benefit assessment of simple versus complex representations of processes, that is, where the simple and more tractable are sufficient for a given purpose is. 5 A functional framework for utilizing the explosion of 'omics data. Psi would be a platform to link genome to phenome, as seen in emerging integrative models (Hill et al. 2013; Chew et al. 2014) . Modern high-throughput technologies enable rapid accumulation of large amounts of genomic, transcriptomic, epigenomic, proteomic, metabolomic and phenomic data. Various bioinformatic approaches have been developed to extract information based on such rich data, such as identifying differentially expressed genes, identifying motifs enriched in a particular pathway or identifying clusters of genes that might be co-regulated Rhee & Mutwil 2014) , as well as identifying sets of transcripts or metabolites that are correlated with more complex emergent phenotypes (Sulpice et al. 2009; Riedelsheimer et al. 2012; Sulpice et al. 2013 ). However, these analyses are inherently
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correlation based and hence do not necessarily provide new mechanistic understanding for genes identified through such approaches (Stitt 2013) . As a result, these analyses provide a far more comprehensive catalogue of changes at multiple levels, compared with previous traditional single-gene knockout approaches. However, such information cannot be directly used to predict changes at the physiological or whole plant levels. Mechanism-based modelling from the Psi framework would provide a direct linkage between these molecular level variations and physiological responses, building on the scaling from gene expression to plant growth illustrated by Chew et al. (2014) . Psi would also provide a unique platform to link genomic-scale constraint-based models to physiological outcome. Such constraint-based models, now mature within the microbial research community (Benedict et al. 2014) , have also shown potential in Arabidopsis (Poolman et al. 2009; Chew et al. 2014) . Such models can allow prediction of protein synthesis and by implication, growth rates and energy consumption from quantitative molecular information about ribosome and transcript abundance (Piques et al. 2009; Pal et al. 2013) . One caveat of such a modelling approach is that while it reflects the stoichiometry of substrates and products within a network, they ignore the non-linearity of many relationships of reaction velocities to substrates, products, effectors and inhibitors, even though these are often mathematically well defined (Price et al. 2004) . However, the predictions from constraint-based models do provide boundary conditions for the metabolic pool dynamics and physiological parameters of a Psi. Hence, fusing constraint-based models with kinetic models within Psi would provide a unique opportunity to incorporate genomic-scale information with more detailed kinetic models for the better known processes, such as clock-based processes, photosynthesis and respiration Chew et al. 2014) . Psi would offer a number of immediate practical applications in crop breeding and engineering. The plants in silico concept would be particularly valuable in developing ideotypes, which are ideal phenotypes for a given or future environment, as an aid to germplasm selection and breeding. The ideotype or optimization concept can be applied at the level of a single process, for example, photosynthetic carbon metabolism (Zhu et al. 2007) , an individual plant (Sarlikioti et al. 2011) or a field crop canopy (Drewry et al. 2014) . Mechanistic modelling is uniquely valuable in ideotype development because it permits the evaluation of many potential phenotypes for different environments and selection by application of evolutionary algorithms, Pareto efficiency or other optimization algorithms -geared to a specific outcome. Because the utility of specific traits may interact with the expression of other traits, potential phenotypes of interest may include the large number of combinations among traits of interest. For example, if 20 individual traits are of interest, each of which exists in only two states (e.g. present versus absent, many versus few, large versus small, etc.), there exist 2 20 (over one million) distinct phenotypes combining these traits. The utility of these phenotypes as ideotypes would require their evaluation in various possible environments representing the edaphic, climatic and management scenarios of interest. These permutations result in a very large number of scenarios of interest, which vastly exceed the capabilities of empirical research. An effective Psi would allow the researcher to narrow down the combinations to those most likely to fit their test environment. Mechanistic modelling is therefore the ideal avenue for the development of robust ideotypes that consider traits, trait interactions and a wide range of spatial and temporal environments (Poorter et al. 2013) .
HOW PSI MIGHT BE APPLIED TO ENHANCE CAPABILITIES IN PLANT SCIENCES
Here, we give two examples, but many more may be envisaged.
1 Designing crops for current and future environments, with particular reference to bioenergy. Development of crop ideotypes is especially important for accelerating the development of sustainable second-generation bioenergy crops, which have not yet been subject to significant selection for either productivity or other desired ecosystem services. It is entirely possible or even probable that the ideal phenotype (ideotype) of a biofuel crop is significantly different from the range of phenotypes present in existing germplasm. While our existing major food crops represent centuries of selection and a huge intensity of research investment over the past 50 years, our second-generation bioenergy crops, such as willows and Miscanthus, are little different from the wild plants from which they were selected (Somerville et al. 2010) . Such a means to accelerate breeding also has value for the staple food crops in the developing world, which have not received the intensity of breeding effort of the major crops. As an example, see the poor rate of improvement in global yields of cassava, the staple of much of sub-Saharan Africa versus wheat . Even for the major food crops, Psi provides new opportunities for designing crops with higher yield potential or/and resource use efficiencies. Why is there an opportunity to increase productive potential and resource use efficiency in crops when millennia of evolution that has surely selected for efficient plants? Firstly, during evolution, fecundity not productivity is the driving force. As a result, many of the features that confer a competitive advantage at the level of the individual plant, which is the basic unit on which evolution operates, are not necessarily beneficial in a monotypic crop stand. One example is that our modern crops may have more chlorophyll in their leaves than is optimal for yield (Ort et al. 2011) . Dark green leaves help to shade out competitors but in a crop situation result in the upper leaves absorbing more light than they can use in photosynthesis, while the layers of lower leaves are starved for light. As a large part of the protein in leaves is invested in the photosynthetic apparatus, the distribution of chlorophyll is likely to reflect the distribution of protein. This lowers nitrogen use efficiency because of inappropriate allocation of nitrogen in the stand, with respect to maximizing productivity. Secondly, the evolved features that are highly adapted for previous environments are not necessarily optimal for the current and certainly not optimal for future atmospheric conditions. A major issue with respect to global change is rising atmospheric [CO 2 ]. The ancestors of modern crops evolved through 25 million years when [CO 2 ] averaged 220 ppm. Within just 200 years, the human population has raised [CO 2 ] to 400 ppm, with most of that rise in just the past 50 years, giving few generations of crop breeding for any adaptation (Zhu et al. 2004) . Because of the costs of Free-air CO 2 enrichment systems (FACE), it will be very expensive to empirically breed for increased performance under simulated future atmospheric CO 2 conditions, and any such activities will be best integrated within a strong predictive context (Ainsworth et al. 2008a; Bishop et al. 2015; Calfapietra et al. 2010) . The mechanistically rich proposed formulation of Psi could be particularly valuable in predicting the optimal crop features and agronomic practices for both food and energy crops under current and forecast future climates. Recent mechanistic modelling of this issue has shown that by modifying canopy architecture under future [CO 2 ], simultaneous gains in productivity and water use efficiency could be obtained (Drewry et al. 2014) . However, these predictions were based on simulations of static crop canopies. More robust predictions would be possible within the framework of the proposed Psi, where root growth and distribution, water relations and growth stage could all affect outcome and yet be included in assessing optimization. Despite thousands of years of selection, the genetic diversity of our major crops is low relative to the diversity of their wild relatives and landraces (Xu et al. 2009 ). Psi would provide a framework to identify non-obvious morphological and physiological traits of value in this wider genetic base. 2 A heuristic tool. Models are particularly valuable when they permit analysis of processes that are difficult to measure empirically. In this context, Psi will be especially useful in the analysis of plant-soil interactions. Root systems are exceedingly dynamic complex entities that intimately interact with the soil, an exceedingly dynamic, complex and opaque environment (Fig. 3) . Our understanding of plant interactions with the soil, including its living components, is far from complete. In this context, as in all, iterative integration of modelling and empirical research will be synergistic, in that Psi can identify key scenarios and processes deserving empirical investigation, while empirical research permits increasing refinement of Psi. Psi can be used to predict the emergent biology of plants as complex systems. Psi will also have value as a heuristic tool, that is, as a mechanism to explore and improve the adequacy of our conceptual understanding of plants. Indeed, Psi will be a platform to integrate our conceptual understanding of plants in a formal mathematical environment.
WHY NOW?
There are many individual models of plant processes and growth of specific crops already available. So, why another model now? Firstly, Psi does not aim to replace these but integrate and evaluate these as part of a community whole. It would take advantage of contemporary computational, cloud storage and communication tools allowing different process formulations to be incorporated and tested in a plug-and-play manner. Secondly, a number of our existing plant, crop and vegetation models are the product of single labs rather than the community and often rely on heritage and sometimes undocumented code. This can make integration with modular community frameworks and parallelization cumbersome or impractical. Evolution in different labs has resulted in very different structures and degrees of complexity for models of different plant groups and crop species. As a result, it is very difficult to attribute differences in responses to a given environmental variable versus differences in the biology of the crop versus differences in the model structure. The Psi proposed here aims to provide a framework that can enable assembly of the diverse models developed by domain experts, enable comparison of the representation of processes and hence improve the accuracy of prediction from such models. Through this practice, the most appropriate models for individual processes in given contexts can be identified. The integrated whole, based on such model components, will consequently be more predictive. A mechanistic, multi-scale plants in silico platform, which faithfully simulates the dynamic responses of plants to environmental change at levels spanning from molecular to multi-organismic scales, would be a revolutionary community discovery platform. A near-term tangible goal of Psi should be to establish a framework that will be able to mechanistically predict the responses of growth and developmental processes in a few model species, such as Arabidopsis, and model crop species such as rice and maize, to variation in light quantity, day length, [CO 2 ], water and nutrient availability. In this way, the model can predict responses beyond experimental observations with some confidence.
A number of recent developments in both plant and computer sciences now make developing such a Psi possible (Chew et al. 2014) . Figure 4 provides what is perhaps the first example of scaling through layers of organization, from gene expression in response to environmental fluctuations to the dynamics of growth and development of an individual, in this case Arabidopsis.
1 Many basic modules are available but rarely effectively integrated. Several of the basic modules required to form Psi have emerged. These include models of the complete C 3 and C 4 photosynthetic process from biochemistry Wang et al. 2014) to 3D reaction diffusion models of the mesophyll cell ( (Lynch 2013; Dyson et al. 2014 ) and linkage to gene regulatory networks (Hill et al. 2013; Chew et al. 2014) . Now, there is the opportunity, for the first time, to integrate all within a single framework to grow a whole plant, complete with shoot, root and reproductive organs in silico and reconstructed in 3D (Figs. 3 & 4) . 2 Rapid growth of data for model parameterization and validation. Modern high-throughput phenotyping and genotyping technologies offer an unprecedented capacity for parameterization and validation of a Psi that would be difficult to implement in the legacy plant models. Advances in large-scale measurement of transcriptomes, proteomes and metabolomes (Gibon et al. 2004 ) make it possible for the first time to parameterize mechanistic models down to the actual molecular components involved. Increasingly high-throughput methods allow a thorough characterization of the dynamics of metabolite pools, as well as time-resolved estimates of growth rates (Chew et al. 2014 , Sulpice et al. 2014 . Progress in the detailed measurement of flux distribution at the leaf or even the whole plant level also provides an unprecedented opportunity to validate such mechanistic models (Heise et al. 2014) . Added to these high-throughput molecular level data, rapid advances in high-throughput phenotyping also make it realistic to rapidly reconstruct 3D canopy architecture and quantify dynamics of organ growth or even dynamics of metabolic networks. Modern imaging technologies now also enable 3D reconstruction of the detailed structure and anatomy of different tissues or even cells at scales fine enough to enable development of morphogenetic models. These do not just provide large data sets but the opportunity to digitally represent actual 3D details of real shoot and root structures, down to cellular and sub-cellular detail within a Psi. At the same time, software developments allow linkage of database and modelling frameworks across many remote locations, which can automatically update model parameterization as new data is evaluated and incorporated, using, for example, the approach of PeCAN (Dietz et al. 2013) .
3 Need to represent signalling at all levels of plant organization. Increasing knowledge about plant signalling pathways and plant microbiome signalling will provide a framework to model complex interactive responses. For example, current models for carbon allocation and starch turnover are rigid because they are empirically parameterized to a small set of conditions and break down in a wider range of conditions (Chew et al. 2014 ). It should soon be possible to replace them with models that use an understanding of how starch turnover is regulated by the clock and sugar sensing and are able to predict how the allocation and use of photosynthate responds in a far wider range of conditions. Other examples include use of emerging insights into the links between sugars, nutrient resources and hormone synthesis and action and between abiotic and biotic defence responses and growth to understand and model, and in turn probe in silico, the interactions and trade-offs between metabolism, growth and defence in a complex multi-factorial environment (Howe & Jander 2008; Liu et al. 2009; Bolouri-Moghaddam et al. 2010; Rouached et al. 2010; Domagalska & Leyser 2011; Sulpice et al. 2013) .
POTENTIAL FRAMEWORK
Internet connectivity together with open-source software such as R-project and high-performance computing (HPC) allow plant system models to evolve far beyond the current paradigm where separate groups model the same plant or the same process in parallel, with limited or no collaboration. This current paradigm is failing to fully realize the synergies that can now be achieved by high-speed and high-volume connectivity, sharing of tools and use of modern open-source version control software to collaboratively develop a model over continents. What is envisaged to solve this? Psi would be hierarchical, with a modular framework to accept exchangeable and inter-operable components available from a library and from individuals. This library would contain representations, and alternative representations, of independent mechanisms such as photosynthesis, respiration, other metabolic pathways, underlying gene networks, organ development, root interactions with the soil, stomatal action, hydraulic flows, nutrient and carbon allocation, phenology, canopy microclimate and many others. Psi would therefore be flexible. Forms could be constructed from these components based on scientific objectives, mechanistic understanding, genomic information and/or predictive capacities. This inter-operability will require common and clearly defined names and application programming interfaces for the data and model components. The implementation of common semantics and interfaces will allow researchers to collaborate across scales and disciplines, sharing code and data while working together on common components that are applied within different frameworks and scales (Zeigler et al. 2000; Grimm et al. 2006 ). Psi's modular approach will enable 
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researchers to evaluate different theories by exchanging and testing alternative components within a common framework, such as alternative models of respiratory carbon loss (Fig. 2) . Psi would be developed as a community resource, under an open-source license and on a publicly accessible collaborative platform such as GitHub. A suite of metrics should be available to guide ranking of modules and identify the relevant processes and level of complexity necessary to simulate a given plant or process in developing a model for a specific context. This context would be defined by the question being addressed and the relative importance of available information, including data, modules and understanding. This will allow evaluation of modules describing each process in a relevant context based on explanatory and predictive merit.
Hence, Psi will not be one massive program that encompasses everything a plant does. Indeed, this would seem far from possible given that it will require a complete understanding of all mechanisms underlying growth, development and interactions with environments of every plant. Furthermore, that would also violate a cardinal tenet of modelling, which is parsimony: A model should be as simple as possible to capture the relevant processes, but not simpler. The Psi framework would allow assessment of the cost/benefit of increasing complexity in model construction, and it would also allow groups to call upon more complex sub-models as needed. Most importantly, Psi should become an organized community of scholars skilled in the relevant domain expertise whose research is enabled by careful coordination and curation of modern software ecosystems.
CONCLUSION
Developments in HPC and functional knowledge of plants make achieving the plants in silico concept a realistic possibility, one that can be extended from model plants such as Arabidopsis to the major crops and to functional types in natural ecosystems. Importantly, it provides a quantitative knowledge framework where the implications of a discovery at one level, for example, single gene function or developmental response, can be examined at the whole plant or even crop and natural ecosystem levels. It requires a paradigm shift from the isolated development of disparate models that communicate via inter-model comparisons to a community effort where collaboration occurs throughout development. Here, experts in each domain would co-develop modules of a larger Psi framework and provide access to all, both as a teaching and research tool, via user-friendly interfaces. Psi will therefore generate new insights and access into plant biology as well as new modalities for collaboration and integration among plant scientists. 
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